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1
AC INPUT POWER CONVERTER WITH
MULTI-FUNCTIONAL INDUCTOR

This application claims the benefit of the filing date of
U.S. provisional application No. 62/029,663, filed on Jul.
28, 2014, the teachings of which are incorporated herein by
reference in their entirety.

This is a continuation-in-part of co-pending application
Ser. No. 14/347,722 (“the *722 application™), filed on Mar.
27, 2014, which claims the benefit of the filing dates of U.S.
provisional application No. 61/559,397, filed on Nov. 14,
2011, and PCT application no. PCT/US12/64617, filed on
Nov. 12, 2012, the teachings of all three of which are
incorporated herein by reference in their entirety.

BACKGROUND

1. Field of the Invention

The present invention is related to electronics and, in
particular, to AC/DC and AC/AC conversion.

2. Description of the Related Art

AC powered converters increasingly require Power Fac-
tor Correction (PFC) for system efficiency and to conform to
mandates. Power converters generally require an extra stage
of power conversion to achieve near-unity Power Factor.
There is a need for simple, efficient AC input power con-
verters with near-ideal Power Factor that can replace physi-
cally larger and more costly two-stage converters.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows a schematic block diagram of a transformer
with primary and secondary winding, combined with 4
switches, 2 of which are bipolar-blocking, to form a bipolar,
bidirectional amplifier/power converter with PFC.

FIG. 2 shows a flow chart for control of the power
converter of FIG. 1.

FIG. 3 shows simulated waveforms for the converter of
FIG. 1 in operation.

FIG. 4 shows a schematic block diagram of a dual
primary, single secondary transformer in a topology with 5
switches, 3 of which are bipolar-blocking, to form a bipolar,
bidirectional amplifier/power converter with PFC.

FIG. 5 shows a flow chart for control of the power
converter of FIG. 4.

FIG. 6 shows simulated waveforms for the converter of
FIG. 4 in operation.

FIG. 7 shows a schematic block diagram of a dual
primary, single secondary transformer in a topology with 3
switches forming a unipolar, unidirectional power converter
with PFC.

FIG. 8 shows a flow chart for control of the power
converter of FIG. 7.

FIG. 9 shows a schematic block diagram of a detail of the
control block of FIG. 7.

FIG. 10 shows simulated waveforms for the converter of
FIG. 7 in operation.

FIG. 11 shows a schematic block diagram of a dual
primary, single secondary transformer in a topology with 4
switches forming a unipolar, bidirectional power converter
with PFC.

FIG. 12 shows a flow chart for control of the power
converter of FIG. 11.

FIG. 13 shows simulated waveforms for the converter of
FIG. 11 in operation.

FIG. 14 shows a schematic block diagram of a single
primary, dual secondary transformer in a topology with 4
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switches, 3 of which are bipolar blocking, forming a bipolar,
bidirectional power converter with PFC.

FIG. 15 shows a flow chart for control of the power
converter of FIG. 14.

FIG. 16 shows simulated waveforms for the converter of
FIG. 14 in unipolar operation.

FIG. 17 shows simulated waveforms for the converter of
FIG. 14 in bipolar operation.

FIG. 18 shows a schematic block diagram of the power
converter of FIG. 14 with a positively poled storage reser-
voir.

FIG. 19 shows simulated waveforms for the converter of
FIG. 18 in operation.

FIG. 20 shows a schematic block diagram of a single
primary, dual secondary transformer in a topology with 3
switches, 1 of which is bipolar blocking, forming a unipolar,
bidirectional power converter with PFC.

FIG. 21 shows a flow chart for control of the power
converter of FIG. 20.

FIG. 22 shows simulated waveforms for the converter of
FIG. 20 in operation.

FIG. 23 shows a schematic block diagram of a single
primary, dual secondary transformer in a topology with 2
switches, forming a unipolar, unidirectional power converter
with PFC.

FIG. 24 shows simulated waveforms for the converter of
FIG. 23 in operation.

FIG. 25 shows a schematic block diagram of variations on
the converter of FIG. 23 in block form.

FIG. 26 shows a flow chart for control of the power
converter of FIG. 25.

FIG. 27 shows a schematic block diagram of another
variation on the converter of FIG. 23.

DETAILED DESCRIPTION
Glossary

unipolar: Exclusively positive or exclusively negative.

bipolar output: An output that can operate in both the
positive and negative quadrants.

bidirectional regulation: Regulation that can move energy
to or take energy from an output.

bipolar blocking switch: A switch that can block the flow
of current, regardless of the polarity of the voltage across the
switch.

Power Factor Correction (PFC): Control which causes
input current to be drawn in proportion to input voltage.

storage reservoir or storage element: A capacitor, super
capacitor, or rechargeable battery or other reversible
medium for storing energy.

main regulation: Regulation provided by moving energy
from an input to an output.

supplemental regulation: Regulation provided by moving
energy from a storage reservoir to an output.

time-multiplexed: Using the same element or structure in
different ways at different times.

Predictive Energy Balancing (PEB): A control technique
that is taught in U.S. Pat. Nos. 7,642,758, 7,965,064, and
8,570,008, the teachings of which are incorporated herein by
reference, and in various articles in the trade press.

forward transfer: The movement of energy from input to
output.

reverse transfer: The movement of energy from output to
a storage reservoir.

flyback transfer: The voltage-inverting movement of
energy into and out of an inductor.
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Forward transfer: An energy transfer via a transformer
where current flows in both the unisolated winding and the
isolated winding at the same time.

An approach to efficient PFC is shown in the ’722
application. That approach focuses on topologies where a
separate supplemental regulator moves energy from a stor-
age reservoir to the output during periods when insufficient
energy to support the output is immediately available from
the AC line. One focus of the present invention is on
blending the main and supplemental regulators into the
same, single-stage structure. These converters use the same
inductor or transformer winding(s) for both the main and
supplemental power paths. In the ’722 application, the
supplemental converter was a distinct circuit block. In this
specification, the supplemental path is blended with the
elements of the main regulator.

Most of the examples here use constant ON time to
achieve PFC. As used in this specification, the term Power
Factor Correction or PFC implies that the power converter
draws input current in proportion to and in phase with input
voltage. That ON time can be slowly modulated for regu-
lation of total stored energy. Alternatively, the frequency of
operation can be slowly varied for the same purpose. In
cases where the energy transferred is not in proportion to a
volt-time product, the ON time may be mathematically
adjusted to achieve better PFC, or the energy transferred can
be measured by one of a variety of methods known to those
familiar with the art. In all cases, a portion of the power
moves directly from the input to the output, and another
portion of the power moves into and/or out of storage. All
three power movements (i.e., input to output, input to
storage, and storage to output) are single-stage power con-
versions, and all are subject to individual control, either
directly or indirectly.

In at least one embodiment, the invention provides a
single-stage, AC input power converter with near-ideal
Power Factor and high efficiency. High efficiency is
achieved by allowing a portion of the total power to move
through only a single stage of power conversion. Power
Factor Correction is achieved through actively managed
energy storage. Economy and small size are achieved by
using the same circuit elements that provide power to the
output to regulate the input current and to manage the
movement of energy into and out of storage.

A form of bidirectional, bipolar output, AC input power
converter is shown in FIG. 1. Any AC input frequency is
suitable, up to about Y5oth of the frequency of the control
cycle clock, CK. An oscillator, Start-up Osc, runs initially to
activate switch S1 through OR gate A1 to pump energy from
input, AC IN, through transformer, T, into storage capaci-
tors, CN & CP. Once the control block, CONTROL, is
sufficiently powered by voltages N and/or P, CONTROL
takes over the operation of S1, via wireless (i.e., non-ohmic)
communication through isolation block, ISOLATION, and
through OR gate Al. Isolation block, ISOLATION, can be
one of many forms of digital isolator, including commer-
cially available digital isolators or a pulse transformer. A
small toroid core with as little as a single turn for primary
and secondary windings can serve the purpose.

The output, OUT, filtered by capacitor CO, is regulated to
match the reference, REF, by the following process, or its
equivalent.

Each control cycle, as clocked by CLK, is divided into
two halves. In the power converter of FIG. 1, the clock runs
at 200 kHz. Any frequency above a few kHz would be
suitable, though it is generally desirable to run at above 20
kHz to avoid audible noise. The maximum suitable clock
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frequency will be limited by the speed of the power switch-
ing elements employed. Each half of a control cycle typi-
cally includes (i) an energize phase, in which energy is
stored in the transformer T from either the AC input, one of
the storage capacitors CN and CP, or the output OUT, and
(ii) a transfer phase, in which energy is transferred from the
transformer T to either the output OUT or one of the storage
capacitors CN and CP. Note that, as used in this specifica-
tion, the term “half” does not necessarily mean that the
control cycle is divided into two halves of equal duration.

During the first half-cycle, switch S1 is activated for a
constant ON time, energizing transformer T primary wind-
ing .1 from input node AC IN. Energy is then available at
secondary winding [.2. If the inductive energy is in the
correct polarity to service demand at the output, then that
energy is provided through switch S3. Energy transfer
continues until 1) the inductive energy is exhausted, as
indicated by the voltage at the current sense resistor,
SENSE, or 2) until the demand for regulation is met. In case
2, remaining inductive energy is transferred to storage
element CN or CP, depending on its polarity. Switches S2
and S4 can be used for the purpose, or diodes D2 and D4 will
perform that function without the intervention of control
block CONTROL. The diodes are optional, given synchro-
nous rectification, as follows. In particular, if the remaining
inductive energy in the secondary winding [.2 is positive (as
determined by CONTROL detecting the voltage at SENSE),
then CONTROL closes switch S4 to transfer the excess
energy to storage element CP. Similarly, if the remaining
inductive energy in the secondary winding [.2 is negative,
then CONTROL closes switch S2 to transfer the excess
energy to storage element CN. If the magnitude of the
voltage is sufficiently great, then energy will flow into the
corresponding storage element CP or CN via diode D4 or
D2, respectively.

The second half of the control cycle might begin with an
energize period for transformer winding [.2. If the output
OUT is larger in magnitude than the reference REF, then the
source of the energy is through S3. Energizing continues
until the regulation point is reached. Inductive energy is then
transferred to storage element CN or CP, depending on the
polarity. Switches S2 and S4 can be used for the purpose, or
diodes D2 and D4 will perform that function without the
intervention of control block CONTROL.

If, at the start of the second half of the cycle, the output
OUT must increase in magnitude in the positive direction in
order to achieve regulation, then switch S2 is closed by
CONTROL to energize [.2 from storage CN. Energizing [.2
through switch S2 is terminated by CONTROL (opening S2)
by predictive energy balancing, or by a predetermined ON
time, or by charging to a desired current. The inductive
energy is then transferred from [.2 to the output through
switch S3. If the regulation point is reached before the
inductive energy is exhausted, then switch S3 is opened
causing remaining inductive energy to be transferred to
storage reservoir CP. Switch S4 can be used for the purpose,
or diode D4 will perform that function without the inter-
vention of control block CONTROL.

If the output must increase in magnitude in the negative
direction to achieve regulation, then switch S4 is closed by
CONTROL to energize 1.2 from storage CP. Energizing
through switch S4 is terminated by CONTROL (opening S4)
by predictive energy balancing, or by a predetermined ON
time, or by charging to a desired current. Then, inductive
energy is transferred from 1.2 to the output through switch
S3. If the regulation point is reached before the inductive
energy is exhausted, then switch S3 is opened causing
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remaining inductive energy to be transferred to storage
reservoir CN. Switch S2 can be used for the purpose, or
diode D2 will perform that function without the intervention
of control block CONTROL.

Each parallel combination of a switch and a diode here,
and in subsequent figures, may be implemented with a
conventional FET, which would include a body diode, or by
using appropriate discrete elements.

The voltages at P and N may vary over a large range
during normal operation. If one of those voltages diverges in
magnitude beyond a predetermined point, then control block
CONTROL can equalize the voltages P and N by energizing
L2 to a higher level in the energize step above when
energizing from the reservoir larger in magnitude. Then,
after reaching regulation at the output, that additional energy
is transferred to the reservoir of lesser magnitude.

Control block CONTROL also includes a slow, non-
critical control loop which monitors the voltages at N and P.
If the total amount of stored energy is too large, then the
constant ON time is slightly reduced. If the total amount of
stored energy is too small, then the constant ON time is
slightly increased. These ON time changes are heavily
filtered so as not to reduce the Power Factor by changing the
ON time significantly during a single AC cycle.

The operation above is shown in flowchart form in FIG.
2. That control can be implemented as a state machine, in
programmable logic, in a microcontroller, or using discrete
circuitry. Combinations of these methods have been verified
through SPICE simulation, or through the use of actual
analog and digital circuitry.

FIG. 3 shows SPICE waveforms of the example of FIG.
1 in operation. The top trace shows one cycle of 60 Hz AC
input voltage, AC IN. The second trace shows the input
current, INPUT CURRENT, low-pass filtered to remove
most of the switching frequency. Input current is also shown
after that filtering in the waveforms that follow. The filtered
input current can be seen to be proportional to, and in phase
with, the AC input voltage. That is the desired input current
waveform for ideal PFC. The third trace shows the positive
storage voltage, P. Voltage P is seen to increase and decrease,
modulated by both the AC input voltage and by the demand
at the output. Over the one complete AC cycle shown,
voltage P ends at near the level it begins. The fourth trace
shows the negative storage voltage, N. Voltage N is seen to
increase and decrease, modulated by both the AC input
voltage and by the demand at the output. Over the one
complete AC cycle shown, voltage N ends at near the level
it begins. The fifth axis shows the reference voltage, REF,
and the output voltage, OUT. The two traces superimpose so
as to be largely indistinguishable.

Should the total stored energy climb above a preset limit,
a separate slow loop would reduce the constant ON time.
Should the total stored energy fall below a preset limit, the
separate slow loop would increase the constant ON time. If
P or N were to become larger than the other by more than a
preset limit, then energy can be transferred from the reser-
voir larger in magnitude to the reservoir smaller in magni-
tude during forward transfers in the second half of a control
cycle.

FIG. 4 shows a variation on FIG. 1 with the primary of
transformer, T, split into two oppositely poled windings L1A
and L.1B, driven by switches S1A and S1B, respectively. The
second primary winding [L1B assures that available energy
from the unisolated (aka upstream or input) side can always
be placed in the correct polarity for direct support of the
output. That ability reduces the percentage of energy that
moves into, and out of, storage, improving efficiency.
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An oscillator, Start-up Osc, runs initially to activate
switches S1A and S1B through OR gates A1 and A2 to pump
energy from input, AC IN, through transformer, T, into
storage capacitors, CN & CP. Switches S1A and S1B will
never both be on at the same time. If switches S1A and S1B
are activated alternately, then energy will be moved to
reservoirs CP and CN in alternation. Once the control block,
CONTROL, is sufficiently powered by N and/or P, CON-
TROL takes over the operation of S1A and S1B, via wireless
communication through isolation block, ISOLATION, and
through OR gates A1 and A2. Isolation block, ISOLATION,
can be a commercially available two-channel digital isolator,
or a pulse transformer driven in one polarity to activate S1A
and in the other polarity to activate S1B. A small toroid core
with as little as a single turn for primary and secondary in
combination with pulse and sign detection can serve the
purpose. Alternatively, a second pulse transformer could
control the second switch.

The output, OUT, filtered by capacitor CO, is regulated to
match the reference, REF, by the following process, or its
equivalent.

Each control cycle, as clocked by CLK, is divided into
two halves. During the first half-cycle, switch S1A or S1B
is activated for a constant ON time, energizing transformer
T primary winding L1A or L1B. Because flyback energy
transfers invert, the polarity chosen is the opposite of the
polarity of the demand at the output. Energy is then available
at secondary winding [.2 in the correct polarity for transfer
to OUT through switch S3. Energy transfer continues until
1) the inductive energy is exhausted, as indicated by the
voltage at the current sense resistor, SENSE, or 2) until the
regulation point is reached. In case 2, remaining inductive
energy is transferred to storage element CN or CP, depend-
ing on polarity. Switches S2 and S4 can be used for the
purpose, or diodes D2 and D4 will transfer remaining
inductive energy to the similarly poled storage reservoir
without the intervention of the control block, CONTROL.

The second half of the control cycle begins with a test to
determine if the output, OUT is larger in magnitude than the
reference, REF. If so, then a reverse transfer is performed,
where the source of the energy is the output, through S3.
Energizing [.2 continues until the regulation point is
reached. Inductive energy is then transferred from L2 to
storage element CN or CP, depending on polarity. Switches
S2 and S4 can be used for the purpose, or diodes D2 and D4
will perform that function without the intervention of control
block CONTROL.

If, at the start of the second half of the cycle, the output
needs to increase in magnitude in the positive direction in
order to achieve regulation, then switch S2 is closed to
energize from storage CN. Energizing through switch S2 is
terminated by predictive energy balancing, or by a prede-
termined ON time, or by charging to a desired current. The
voltage at point A during charging may be useful for
developing a volt-time product representing the current in
winding [.2. Inductive energy is then transferred from L2 to
the output through switch S3. If the regulation point is
reached before the inductive energy is exhausted, then
switch S3 opens, so that remaining inductive energy is
transferred to storage element P. Switch S4 can be used for
the purpose, or diode D4 will perform that function without
the intervention of control block CONTROL.

If the output must increase in magnitude in the negative
direction to achieve regulation, then switch S4 is closed to
energize from storage CP. Energizing through switch S4 is
terminated by predictive energy balancing, or by a prede-
termined ON time, or by charging to a desired current. Then,
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inductive energy is transferred from L2 to the output through
switch S3. If the regulation point is reached before the
inductive energy is exhausted, then switch S3 opens, so that
remaining inductive energy is transferred to storage element
CN. Switch S2 can be used for the purpose, or diode D2 will
perform that function without the intervention of control
block CONTROL.

The voltages at P and N may vary over a large range
without interfering with normal operation. If they diverge in
magnitude beyond a predetermined amount, then control
block CONTROL can equalize P and N by energizing to a
higher level in the energize step above when energizing from
the reservoir larger in magnitude. Then, after reaching
regulation at the output, that additional energy is transferred
to the reservoir of lesser magnitude.

Control block CONTROL also includes a slow, non-
critical control loop which monitors the voltage at N and P.
If the total amount of stored energy is too large, then the
constant ON time is slightly reduced. If the total amount of
stored energy is too small, then the constant ON time is
slightly increased. These ON time changes are heavily
filtered so as not to reduce the Power Factor by changing the
ON time significantly during a single AC cycle.

The operation above is shown in flowchart form in FIG.
5. That control can be implemented as a state machine, in
programmable logic, in a microcontroller, or using discrete
circuitry.

FIG. 6 shows SPICE waveforms of the example of FIG.
4 in operation. The top trace shows one cycle of 60 Hz AC
input voltage, AC IN. The second trace shows the input
current, INPUT CURRENT, low-pass filtered to remove
most of the switching frequency. The filtered input current
can be seen to be proportional to, and in phase with, the AC
input voltage. The third trace shows the negative storage
voltage, N. Voltage N is seen to increase and decrease,
modulated by both the AC input voltage and by the demands
at the output. Over the one complete AC cycle shown,
voltage N ends at near the level it begins. The fourth trace
shows the positive storage voltage, P. Voltage P is seen to
increase and decrease, modulated by both the AC input
voltage and by the demands at the output. Over the one
complete AC cycle shown, voltage P ends at near the level
it begins. The fifth axis shows the reference voltage, REF,
and the output voltage, OUT. The two traces superimpose so
as to be largely indistinguishable. The results shown of FIG.
6 are essentially equivalent to the results of FIG. 3, even
though the method of achieving those results is different.

FIG. 7 shows a unipolar output variation on FIG. 1
involving only a single polarity of storage and only one
switch on the isolated (aka downstream or output) side. The
primary of transformer, T, is split into two oppositely poled
windings [L1A and L1B, driven by switches S1A and S1B.
The second primary winding [L1B assures that available
energy from the unisolated side can always be placed in the
correct polarity for direct support of the output. That ability
reduces the percentage of energy that moves into, and out of,
storage for improved efficiency. A single-turn pulse trans-
former can control both isolated side switches based on the
polarity of pulses generated. Note that diodes can be inserted
in series with windings [.L1A and 1B so that no bipolar
blocking switches would be needed. Without those diodes,
switches S1A and S1B are bipolar blocking.

An oscillator, Start-up Osc, runs initially to activate
switches S1A and S1B through OR gates A1 and A2 to pump
energy from input, AC IN, through transformer, T, into
storage capacitor, CN. Because flyback energy transfers
invert, the polarity chosen is the opposite of the polarity at
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N. Once the control block, CONTROL, is sufficiently pow-
ered by N, it takes over the operation of S1A and S1B, via
wireless communication through isolation block, ISOLA-
TION, and through OR gates Al and A2. Isolation block,
ISOLATION, can be a commercially available two-channel
digital isolator, or a pulse transformer driven in one polarity
to activate S1A and in the other polarity to activate S1B. A
small toroid core with as little as a single turn for primary
and secondary in combination with pulse and sign detection
can serve the purpose. For example, a positive-going pulse
could turn ON switch S1A, with the return to zero turning
OFF switch S1A. A negative-going pulse could turn ON
switch S1B, with the return to zero turning OFF switch S1B.

The output, OUT, filtered by capacitor CO, is regulated to
match the reference, REF, by the following process, or its
equivalent.

Each control cycle, as clocked by CLK, is divided into
two halves. During the first half-cycle, either switch S1A or
S1B is activated, based on the AC IN polarity, until one of
two conditions is met: 1) the constant ON time elapses,
thereby meeting the PFC requirement, or 2) the transformer
contains enough energy to satisfy the energy demand at the
output. In either case, the actual ON time is preserved in
digital or analog fashion for use later in the cycle, and the
inductive energy is transferred to the output through diode
D3. The voltage at point A during charging is useful for
developing a volt-time product representing the current in
winding [.2.

The second half of the control cycle follows a different
course for case 1 and 2 above. In case 1, the output did not
reach the regulation point, so the next step is to energize [.2
from the storage reservoir, CN, through switch S4 up to the
demand energy, as calculated by the CONTROL block. Case
1 completes with the transfer of that energy through diode
D3 to support the output, OUT. In case 1, the PFC require-
ment is met in the first half-cycle, and the regulation
requirement is divided between half-cycles.

In case 2, the output did reach the regulation point, but the
PFC ON time was not completed, so the next step is to
energize [.2 from the AC input, AC IN, for the remainder of
the ON time requirement. Note that there is not a linear
relationship between PFC ON time and energy, so calcula-
tion circuitry is used to determine the necessary additional
PFC ON time required. That calculation can be done by the
CONTROL block, or, for speed and simplicity, a table
embodied in a memory can contain that information such
that, for any first half-cycle PFC ON time, the table contains
a corresponding second half-cycle PFC ON time. Case 2
completes with the transfer of the inductive energy through
diode D4 or switch S4 to storage reservoir, CN. In case 2, the
regulation requirement is met in the first half-cycle, and the
PFC requirement is divided between half-cycles.

The voltage at N may vary over a large range during
normal operation. Control block CONTROL also includes a
slow, non-critical control loop which monitors the voltage at
N. If N becomes too large, then the constant ON time is
slightly reduced. If N becomes too small, then the constant
ON time is slightly increased. These ON time changes are
heavily filtered so as not to reduce the Power Factor by
changing the ON time significantly during a single AC cycle.

The operation above is shown in flowchart form in FIG.
8. That control can be implemented as a state machine, in
programmable logic, in a microcontroller, or using discrete
circuitry.

FIG. 9 shows a detail of the contents of the CONTROL
block of FIG. 7. The ENERGY DEMAND CALCULATOR
uses output OUT and reference REF to calculate energy
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demand: (REF>-QUT?)*scaling. The scaling term adjusts
for the ratio of switched inductance to filter capacitance. The
ENERGY SUPPLY CALCULATOR uses a volt-time prod-
uct representing the inductive current to generate a term
linearly proportional to energy supply: (node A
voltage*charging time)?. Comparator, COMP, compares the
supply and demand terms, to produce a balance signal, BAL,
which is used to predictively terminate energizing periods.

The improved transient response provided by the predic-
tive energy balancing method described above is not nec-
essary for operation. A conventional control method will
also serve. In that case, demand is calculated based on the
difference between REF and OUT, and supply is a volt-time
product derived at point A during charging or a measurement
of inductor current, without squaring.

The block STORED AC POLARITY preserves the last
polarity, because the AC input voltage polarity is not directly
known on the isolated side of the power converter until
switch S1A or S1B is closed. Just after zero crossing, that
stored polarity information will be wrong for one cycle, but
that fact is of little consequence because there is little AC
energy available at the time of zero crossing.

The block TIMING AND SWITCH DECODE performs
the steps in the flowchart of FIG. 8, as paced by clock, CLK.
That block provides switch drive for switch S4 and drive for
the isolation block, ISOLATION. Here, during a positive
pulse, switch S1A turns on, and, during a negative pulse,
switch S1B turns on. A conventional filtered feedback loop,
SLOW CONTROL ADJUSTS ON TIME, monitors the
storage voltage, N. The ON time is modulated to cause the
average storage voltage to approximate a predetermined
target. The target in one possible implementation is -36
volts for an output voltage of 24 volts. Voltage N is of
opposite polarity to the output voltage, but can be greater or
lesser in magnitude.

FIG. 10 shows SPICE waveforms of the example of FIG.
7 in operation. The top trace shows one cycle of 60 Hz AC
input voltage, AC IN. The second trace shows the input
current, INPUT CURRENT, low-pass filtered to remove
most of the switching frequency. The filtered input current
can be seen to be proportional to, and in phase with, the AC
input voltage. The third trace shows the negative storage
voltage, N. Voltage N is seen to increase and decrease,
modulated at twice the frequency of the AC input voltage.
Over the one complete AC cycle shown, voltage N ends at
near the level it begins. The fourth axis shows the reference
voltage, REF, and the output voltage, OUT. The vertical
scale is expanded so that the output ripple of approximately
100 my can be seen as the width of the output trace.

FIG. 11 shows a bidirectional variation of FIG. 7 involv-
ing only the addition of one unipolar blocking switch S3
connected across diode D3, plus the control for that switch.
The primary of transformer, T, split into oppositely poled
windings [.1A and L1B, is driven by switches S1A and S1B.
The second primary winding S1B assures that available
energy from the unisolated side can always be placed in the
correct polarity for direct support of the output. That ability
reduces the percentage of energy that moves into, and out of,
storage for improved efficiency. A single-turn pulse trans-
former can control both isolated side switches based on the
polarity of pulses generated.

An oscillator, Start-up Osc, runs initially to activate
switches S1A and S1B through OR gates A1 and A2 to pump
energy from input, AC IN, through transformer, T, into
storage capacitor, CN. Once the control block, CONTROL,
is sufficiently powered by N, it takes over the operation of
S1A and S1B, via wireless communication through isolation
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block, ISOLATION, and through OR gates A1l and A2.
Isolation block, ISOLATION, can be a commercially avail-
able two-channel digital isolator, or a pulse transformer
driven in one polarity to activate S1A and in the other
polarity to activate S1B. A small toroid core with as little as
a single turn for primary and secondary in combination with
pulse and sign detection can serve the purpose.

The output, OUT, filtered by capacitor CO, is regulated to
match the reference, REF, by the following process, or its
equivalent.

Each control cycle, as clocked by CLK, is divided into
two halves. At the start of the first half-cycle, it is established
which direction energy needs to move in order to achieve
regulation. If a forward transfer is indicated, meaning the
output should increase, then the steps taken exactly follow
the steps in the example of FIG. 7. For clarity, those steps are
repeated here.

During the first half-cycle, either switch S1A or S1B is
activated, based on the AC IN polarity, until one of two
conditions is met: 1) the constant ON time elapses, or 2) the
transformer contains enough energy to satisfy the energy
demand at the output. In either case, the actual ON time is
stored for use later in the cycle, and the inductive energy in
L2 is transferred to the output through diode D3. The voltage
at point A during charging is useful for developing a
volt-time product representing the energizing current in
transformer T for step 2, above.

The second half of the control cycle follows a different
course for case 1 and 2 above. In case 1, the output did not
reach the regulation point, so the next step is to energize [.2
from the storage reservoir, N, up to the demand energy, as
calculated by the CONTROL block. Case 1 completes with
the transfer of that .2 energy through diode D3 to support
the output, OUT. In this case, the PFC requirement is met in
the first half-cycle, and the regulation requirement is met in
the second half-cycle.

In case 2, the output did reach the regulation point, but the
PFC ON time was not completed, so the next step is to
energize from the AC input, AC IN, for the remainder of the
ON time requirement. Note that there is not a linear rela-
tionship between PFC ON time and energy, so a calculation
is involved to determine the necessary additional PFC ON
time required. That calculation can be done by the CON-
TROL block, or, for speed and simplicity, a table can contain
that information such that for any first half-cycle PFC ON
time, there is a corresponding second half-cycle PFC ON
time. Case 2 completes with the transfer of that energy in 1.2
through diode D4 or switch S4 to storage reservoir, CN. In
this case, the regulation requirement is met in the first
half-cycle, and the PFC requirement is met in the second
half-cycle.

If, at the start of the first half-cycle, it is established that
energy needs to move in the reverse direction, that is, the
output magnitude should decrease, then a reverse transfer is
indicated. During the first half-cycle, either switch S1A or
S1B is activated, based on the AC IN polarity, so that energy
is correctly poled to be transferred to storage reservoir CN,
and energizing .1 continues until the PFC ON time has
elapsed. That energy is then transferred to CN via diode D4,
or by a switch, S4, used as a synchronous rectifier. In the
second half of the cycle, switch S3 energizes transformer
winding [.2 until the regulation point is reached. That energy
is then transferred to CN via diode D4, or by a switch, S4,
used as a synchronous rectifier. When following this control
path, the PFC requirement is met in the first half-cycle, and
the regulation requirement is met in the second half-cycle.
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The voltage at N may vary over a large range during
normal operation. Control block CONTROL also includes a
slow, non-critical control loop which monitors the voltage at
N. If N becomes too large, then the constant ON time is
slightly reduced. If N becomes too small, then the constant
ON time is slightly increased. These ON time changes are
heavily filtered so as not to reduce the Power Factor by
changing the ON time significantly during a single AC cycle.

The operation above is shown in flowchart form in FIG.
12. That control can be implemented as a state machine, in
programmable logic, in a microcontroller, or using discrete
circuitry.

FIG. 13 shows SPICE waveforms of the example of FIG.
11 in operation. The top trace shows one cycle of 60 Hz AC
input voltage, AC IN. The second trace shows the input
current, INPUT CURRENT, low-pass filtered to remove
most of the switching frequency. The filtered input current
can be seen to be proportional to, and in phase with, the AC
input voltage. The third trace shows the negative storage
voltage, N. Voltage N is seen to increase and decrease,
modulated at twice the frequency of the AC input voltage.
Over the one complete AC cycle shown, voltage N ends
more negative than it begins. That indicates that the ON time
is longer than it needs to be to maintain an average storage
voltage of 36 volts at point N. Remember that the ON time
changes only slowly, so it may take many AC cycles to
stabilize. The fourth axis shows the reference voltage, REF,
here an offset square wave at 500 Hz with an amplitude of
2 volts, and the output voltage, OUT. The bidirectional
regulation can be seen as the power converter follows both
the positive and negative transitions faithfully.

FIG. 14 shows a bipolar, bidirectional topology employ-
ing a dual secondary winding for transformer T, consisting
of two oppositely poled windings 1.2 and 3. The isolated
side winding, [1, is driven by switch S1. The two secondary
windings assure that available energy from the unisolated
side can always be applied in the correct polarity for direct
support of the output. That ability reduces the percentage of
energy that moves into, and out of, storage for improved
efficiency. A single-turn pulse transformer can isolate the
control for the unisolated side switch.

Again, an oscillator, Start-up Osc, runs initially to activate
switch S1 through OR gate Al to pump energy from input,
AC IN, through transformer, T, into storage capacitor, CN.
Once the control block, CONTROL AND SWITCH
DECODE, is sufficiently powered by N, CONTROL AND
SWITCH DECODE takes over the operation of S1, via
wireless communication through isolation block, ISOLA-
TION, and through OR gate Al. Isolation block, ISOLA-
TION, can be a commercially available digital isolator, or a
pulse transformer. A small toroid core with as little as a
single turn for primary and secondary in combination with
pulse detection can serve the purpose.

The output, OUT, filtered by capacitor CO, is regulated to
match the reference, REF, by the following process, or its
equivalent.

Each control cycle, as clocked by CLK, is divided into
two halves. At the start of the first half-cycle, switch S1 is
activated until the constant ON time period elapses. If the
input energy polarity matches the output demand polarity,
then inductive energy is transferred to OUT through [.3 and
S4. If the input energy polarity does not match the output
demand polarity, then inductive energy is transferred to
OUT through 1.2 and S3. In either case, either S3 or S4 is
turned off by CONTROL AND SWITCH DECODE when
the demand is met. Excess inductive energy, if any, then
passes through either D2 or D3 into storage reservoir CN.
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At the start of the second half-cycle, it is established
whether energy needs to move in the forward or reverse
direction. If the output magnitude needs to increase, then a
forward transfer is indicated. If the output magnitude needs
to decrease, then a reverse transfer is indicated. For the
forward case, the next step is to energize 1.2 from the storage
reservoir, CN, through switch S2 up to the demand energy,
as calculated by the CONTROL AND SWITCH DECODE
block. Current sense resistor, Sense, provides a voltage
proportional to inductive current for determining energy
supply, or a volt-time product can provide that information.
Then, based on the polarity of demand at the output, energy
is transterred from 1.2 or L.3 to OUT through either switch
S3 or S4. For the reverse case, the next step is to energize
L2 or L3 from the output through either switch S3 or S4 until
the regulation point is reached, at which point the switch is
opened. Then, that energy will transfer to storage reservoir,
CN, through diode D2 or D3. In this topology, the PFC
requirement is met in the first half-cycle, and the regulation
requirement is met in the second half-cycle.

The voltage at N may vary over a large range without
interfering with normal operation. Control block CON-
TROL AND SWITCH DECODE also includes a slow,
non-critical control loop which monitors the voltage at N. If
N becomes too large, the constant ON time is slightly
reduced. If N becomes too small, the constant ON time is
slightly increased. These ON time changes are heavily
filtered so as not to reduce the Power Factor by changing the
ON time significantly during a single AC cycle.

The operation above is shown in flowchart form in FIG.
15. That control can be implemented as a state machine, in
programmable logic, in a microcontroller, or using discrete
circuitry.

FIG. 16 shows SPICE waveforms of the example of FIG.
14 in unipolar operation. The top trace shows one cycle of
60 Hz AC input voltage, AC IN. The second trace shows the
input current, INPUT CURRENT, low-pass filtered to
remove most of the switching frequency. The filtered input
current can be seen to be proportional to, and in phase with,
the AC input voltage. The third trace shows the negative
storage voltage, N. Voltage N is seen to increase and
decrease, modulated at twice the frequency of the AC input
voltage. The fourth axis shows the reference voltage, REF,
here an offset square wave at 500 Hz with an amplitude of
1 volt, and the output voltage, OUT. The bidirectional
behavior can be seen as the power converter faithfully
follows both the positive and negative transitions of the
reference voltage.

FIG. 17 shows SPICE waveforms of the example of FIG.
14 in bipolar operation. The top trace shows one cycle of 60
Hz AC input voltage, AC IN. The second trace shows the
input current, INPUT CURRENT, low-pass filtered to
remove most of the switching frequency. The filtered input
current can be seen to be proportional to, and in phase with,
the AC input voltage. The third trace shows the negative
storage voltage, N. Voltage N is seen to increase and
decrease, modulated by twice the frequency of the AC input
voltage and by the output frequency. The ON time is here
longer than needed to maintain the storage voltage at —15.5
volts, so N is seen to increase in magnitude. The fourth axis
shows the reference voltage, REF, here a sine wave at 300
Hz with an amplitude of +/-10 volts, and the output voltage,
OUT. The bipolar, bidirectional behavior can be seen as the
output trace is indistinguishable from the reference trace.

FIG. 18 shows the power converter of FIG. 14 with a
positive storage voltage. Compared with diodes D2 and D3
and switch S2 of FIG. 14, the locations of the two diodes D2
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and D3 and switch S2 in FIG. 18 are reversed to reverse the
storage voltage polarity. The storage capacitor is renamed
CS, and the storage voltage is renamed as S. The only
change in control exchanges the selection of S3 and S4 as
used when transferring energy from storage to the output.
Since this topology of power converter can utilize positive
or negative storage, system requirements can determine the
preferred polarity for the storage reservoir.

FIG. 19 shows SPICE waveforms of the example of FIG.
18 in bipolar operation. The top trace shows one cycle of 60
Hz AC input voltage, AC IN. The second trace shows the
input current, INPUT CURRENT, low-pass filtered to
remove most of the switching frequency. The filtered input
current can be seen to be proportional to, and in phase with,
the AC input voltage. The third trace shows the positive
storage voltage, S. Voltage S is seen to increase and
decrease, modulated by twice the frequency of the AC input
voltage and by the output frequency. The ON time is here
longer than needed to maintain the storage voltage at 15
volts, as indicated by the increase in S over one AC cycle.
The fourth axis shows the reference voltage, REF, here a
sine wave at 300 Hz with an amplitude of +/-10 volts, and
the output voltage, OUT. The bipolar, bidirectional behavior
can be seen as the output trace is indistinguishable from the
reference trace.

A unipolar variation on the power converter of FIG. 18
can use a rectified AC input, allowing switch S1 to be a
conventional switch with a body diode. Then, for a unipolar
output voltage, switch S3 or S4 can be eliminated, depend-
ing on output polarity. The result is a bidirectional, unipolar
power converter with PFC requiring one bipolar blocking
switch S2 and two unipolar blocking switches S1 and either
S3 or S4.

FIG. 20 shows a unipolar, bidirectional topology employ-
ing a dual secondary winding for transformer T, consisting
of oppositely poled windings [.2 and [.3. In FIG. 20, both the
storage voltage, S, and the output, OUT, are positive. The
AC input, RECT AC IN, is received as a rectified input in
this case. The isolated side winding, L1, is driven by switch
S1, which need not be bipolar blocking. The two secondary
windings assure that available energy from the unisolated
side can always be applied in the correct polarity for direct
support of the output. That ability reduces the percentage of
energy that moves into, and out of, storage for improved
efficiency. A single-turn pulse transformer can isolate the
control for the unisolated side switch.

An oscillator, Start-up Osc, runs initially to activate
switch S1 through OR gate Al to pump energy from input,
RECT AC 1IN, through transformer, T, and diode D3 into
storage capacitor, CS. Once the control block, CONTROL
AND SWITCH DECODE, is sufficiently powered by S,
CONTROL AND SWITCH DECODE takes over the opera-
tion of S1, via wireless communication through isolation
block, ISOLATION, and through OR gate Al. Isolation
block, ISOLATION, can be a commercially available digital
isolator, or a pulse transformer. A small toroid core with as
little as a single turn for primary and secondary in combi-
nation with pulse detection can serve the purpose.

The output, OUT, filtered by capacitor CO, is regulated to
match the reference, REF, by the following process, or its
equivalent.

Each control cycle, as clocked by CLK, is divided into
two halves. At the start of the first half-cycle, switch S1 is
activated until the constant ON time period elapses. Then,
L2 energy is transferred to OUT through S2 until any
demand is met. Once the regulation point has been reached,
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switch S2 opens, and any excess inductive energy in 1.2
passes through D2 into storage reservoir CS.

At the start of the second half-cycle, it is established
whether energy needs to move in the forward or reverse
direction. If the output magnitude needs to increase, then a
forward transfer is indicated. If the output magnitude needs
to decrease, then a reverse transfer is indicated. For the
forward case, the next step is to energize L3 from the storage
reservoir, CS, through switch S3 up to the demand energy,
as calculated by the CONTROL AND SWITCH DECODE
block. Current sense resistor, Sense, can provide a voltage
proportional to inductive current for determining energy
supply. Then, energy is transferred from L.2 to OUT through
switch S2. For the reverse case, the next step is to energize
L2 from the output through switch S2 until the regulation
point is reached at which point the switch is opened. Then,
that energy will transfer from .3 to storage reservoir, CS,
through diode D3 or switch S3. In this topology, the PFC
requirement is met in the first half-cycle, and the regulation
requirement is met in the second half-cycle.

The voltage at S may vary over a large range without
interfering with normal operation. Control block CON-
TROL AND SWITCH DECODE also includes a slow,
non-critical control loop which monitors the voltage at S. If
S becomes too large, then the constant ON time is slightly
reduced. If S becomes too small, then the constant ON time
is slightly increased. These ON time changes are heavily
filtered so as not to reduce the Power Factor by changing the
ON time significantly during a single AC cycle.

The operation above is shown in flowchart form in FIG.
21. That control can be implemented as a state machine, in
programmable logic, in a microcontroller, or using discrete
circuitry.

FIG. 22 shows SPICE waveforms of the example of FIG.
20 in unipolar operation. The top trace shows one cycle of
60 Hz AC input voltage, AC IN. The second trace shows the
rectified input current, INPUT CURRENT, low-pass filtered
to remove most of the switching frequency. The filtered
input current can be seen to be proportional to, and in phase
with, the AC input voltage. The third trace shows the storage
voltage, S. Voltage S is seen to increase and decrease,
modulated at twice the frequency of the AC input voltage.
The fourth axis shows the reference voltage, REF, here an
offset sine wave at 300 Hz with an amplitude of 2 volts, and
the output voltage, OUT. The bidirectional behavior can be
seen as the power converter faithfully follows the reference
voltage.

FIG. 23 shows a unipolar, unidirectional topology
employing a dual secondary winding for transformer T,
consisting of oppositely poled windings 1.2 and L3. This
topology offers near-ideal PFC, good output regulation,
excellent efficiency, low cost, and scalable power levels
while employing just two switches. Both switches can be
conventional FETs with body diodes, e.g., bipolar blocking
is not necessary. The AC input, RECTIFIED AC IN, is
rectified in this case. The unisolated side winding, L1, is
driven by switch S1. The two secondary windings, [.2 and
L3, are oppositely poled. Winding .2 provides a forward
energy path to the output, OUT, in combination with diode
D1 and inductor L. Winding L3 provides a flyback path
through diode D3 that moves inductive energy to the storage
capacitor, CS. The combination of forward and flyback
energy transfers enables higher power levels while preserv-
ing Power Factor Correction, and provides good regulation
with excellent efficiency.

Diode D2 acts as the freewheeling diode for the buck
inductor, L. Switch S3 provides a supplemental energy path
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from storage, CS, through the buck inductor, to the output,
OUT, as filtered by filter capacitor CO. Diode DS3 is the
body diode of switch S3, shown explicitly. The UNISO-
LATED SIDE is identical to that of FIGS. 1, 14, and 18 with
the exception that the AC input node is RECTIFIED AC IN.
An oscillator, Start-up Osc, turns on switch S1 at a low rate
through OR gate Al to energize storage capacitor CS,
through transformer T. Energy is moved to CS through
winding [.3 and diode D3. Once the CONTROL AND
SWITCH DECODE block is powered by voltage S, the
CONTROL AND SWITCH DECODE block takes over the
control of switch S1 via wireless communication through the
isolation block, ISOLATION, and then via the second input
to OR gate Al.

The CONTROL AND SWITCH DECODE block is paced
by clock CLK. It uses a voltage reference, REF, for com-
parison when regulating the voltage or current at output
OUT. The operation is similar to other implementations
described here. Voltage RV provides a reflection of the AC
input voltage for use in the calculation of the appropriate ON
time. Energy is moved directly from input to output through
the forward winding [.2. A portion of the inductive energy
will move directly to storage in CS via a flyback transfer
through the flyback winding [.3. Energy will also move to
storage through the body diode of S3, DS3, when the voltage
at L2 is higher than the storage voltage. The amount of
energy that flows through DS3 to storage in CS is dependent
on the input and storage voltages and on the transformer
turns ratio. Adequate output regulation can be achieved by
allowing the storage voltage S to center near that voltage
which causes the output to rise only slightly during peaks in
the input voltage. Because of the implicit output regulation,
there is a tradeoff between output regulation and the per-
centage of converted energy which moves through the
forward winding. Less energy moved through the forward
winding, [.2, allows better regulation.

Approximately half the power moves through each wind-
ing for the OUTPUT VOLTAGE waveform shown in FIG.
24, which is a SPICE simulation of the example of FIG. 23.
The top trace shows one cycle of 60 Hz AC input voltage,
RECTIFIED AC INPUT VOLTAGE. The second trace
shows the input current, INPUT CURRENT. The input
current can be seen to be proportional to, and in phase with,
the AC input voltage. The third trace shows S, the STOR-
AGE VOLTAGE. Voltage S is seen to increase and decrease,
modulated at twice the frequency of the AC input voltage.
The fourth axis shows the output, OUTPUT VOLTAGE. The
slight reduction in the output during periods of lower AC
input voltage is caused by the proportionally reduced refer-
ence voltage used by the supplemental power path. In many
of these examples, it is desirable for the supplemental
regulation to regulate to a voltage slightly below the regu-
lation point of the main regulation. There does not have to
be a separate reference. The reduced reference might be
VREF*0.995. The supplemental power path need not supply
energy to the output during peaks in the AC input. Peak
energy from winding [.2 can divide between (i) the body
diode DS3 of S3 and (ii) inductor L. The body diode energy
flows then into the storage capacitor CS, and the inductor
energy flows to the output. This form of regulation is less
than ideal. Even so, the entire voltage envelope for the
nominal 20 volt output supply is seen here to be 70 mb. The
slight distortion of the input current trace near zero volts
input can be eliminated with an additional calculation.

Better regulation can be obtained using inductor L. bidi-
rectionality. FIG. 25 shows a variation on FIG. 23 with a
synchronous rectifier switch, S4, in place of D2. The body
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diode of switch S4 is shown explicitly as DS4. Energy can
be moved from the output, OUT, to inductor L by closing
switch S4 at a time in the control cycle when no current is
flowing in inductor L. Then, energy would flow from the
output OUT into inductor L, until the regulation point was
reached, at which time switch S4 opens. Then, the body
diode of S3, shown explicitly as DS3, would be forward
biased to transfer that inductive energy to the storage capaci-
tor, CS. Switch S3 could be used to synchronously rectify
that movement of energy into storage, for improved effi-
ciency. With the ability to move energy from the output to
storage, improved output regulation can be gained by cor-
recting any voltage overshoot at the output. Also, a higher
percentage of the total power can be routed through the
forward winding, [.2, without sacrificing regulation.

FIG. 25 includes one other variation that can be used in
combination with, or instead of, bidirectional control for the
supplemental converter. Using a bidirectionally blocking
switch, S2, in place of diode D1, provides an alternative type
of regulation. Any surplus energy in forward winding [.2,
e.g., energy not needed immediately to support the load, can
selectively be moved directly to storage, CS, via a flyback
transfer through the flyback winding [.3, and diode D3, by
opening switch S2. That mechanism reduces, or eliminates,
the need for bidirectionality at the supplemental converter
while maintaining excellent regulation. Since an efficient
version of this topology would use synchronous rectification
for D1 of FIG. 23, the only addition for better regulation
would be to make that synchronous rectifier bipolar block-
ing. One effect of the use of a bidirectionally blocking
switch S2 for regulation is that a larger percentage of the
total power converted passes through the flyback winding.
In cases where that is considered undesirable, FIG. 27 shows
another alternative.

The operation for FIG. 25 is shown in flowchart form in
FIG. 26. That control can be implemented as an integrated
circuit, a state machine, in programmable logic, in a micro-
controller, or using discrete circuitry. Elements of the first
and second halves of the control cycle could be inter-
changed. The slow loop to control the storage voltage
modulates the ON time for switch S1 over many AC input
cycles to maintain good Power Factor Correction. The slow
loop is not shown in the flowchart of FIG. 24.

The circuit variation shown in FIG. 27 places a regulation
switch, S4, between buck inductor L. and the output, OUT,
and places a diode, D5, from the junction of L and switch S4
to storage CS. Then, whenever the regulation switch S4 is
opened, buck inductor energy flows through diode D5 to
storage CS. That regulation approach allows minimizing the
energy passing through the flyback winding [.3. Otherwise,
the structure and operation of FIG. 27 is the same as that of
FIG. 23.

In FIGS. 23, 25, and 27, the energy moved during an ON
time period of switch S1 is not solely dependent on the
volt-time product at winding L1. Therefore, calculating
circuitry is needed for near-ideal Power Factor Correction.
Alternatively, the energizing power can be integrated and
that integral can be compared to an amount of energy that is
in proportion to the input voltage. The converters of FIGS.
23, 25, and 27 would use a non-critical control loop to
slowly change the ON time in order to keep the storage
voltage S within desired limits.

Again Predictive Energy Balancing is a valuable tool for
improving regulation, but it is not required. The buck
inductor [ can have relatively low inductance, so that
voltage overshoot at the output caused by energy flowing in
the freewheeling diode D2 of FIG. 23, D4 of FIG. 27, or the
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synchronous rectifier S4 of FIG. 25, can be small, even when
using simple comparators for control. Best efficiency occurs
when the reference for the supplemental path is proportion-
ally reduced to cause regulation at a slightly lower voltage
than the main path. That technique causes the supplemental
regulator to shut down entirely during peak periods at the
AC input.

It is impractical to show all the possible variations on the
converter of FIG. 23. One possibility is to place a single
secondary winding in diode bridge to utilize inductive
energy in both polarities. Many of the variations applied to
other examples shown can also be applied here. For
example, any of the diodes can be replaced by synchronous
rectifiers, for improved efficiency.

The unisolated side could use the dual primary of FIGS.
4,7, and 11 to eliminate the diode bridge, or a comparator
on the unisolated side could be used to detect the AC polarity
and select the appropriate switch. Additional outputs can be
added and individually regulated. Those skilled in the art
could make a bipolar version, or a bipolar bidirectional
version. Quasi-resonant techniques can be applied for reduc-
ing switch losses. The clock frequency can adapt to match
the load. The power converter of FIG. 23 can pass into and
out of continuous conduction mode once each AC half cycle.

The power converters of FIGS. 1, 4, 7, 11, 14, 18, 20, 23,
25, and 27 and other embodiments of the invention that are
not explicitly shown, including the power converters of
FIGS. 12 and 13 of the *722 application, are switched-mode
power converters that have at least one feature in common:
they all have at least one multi-functional inductor on the
output side of the power converter that supports both main
regulation and supplemental regulation in a time-multi-
plexed manner within a single control cycle of the power
converter, such that (i) during main regulation, input energy
is transterred from the power converter’s input node to the
power converter’s output node via the inductor and (ii)
during supplemental regulation, stored energy is transferred
from at least one energy storage element on the output side
of the power converter to the output node via the inductor.
In particular:

In FIGS. 1,4, 7, and 11, the secondary winding [.2 is such

a multi-functional inductor;

In FIGS. 14, 18, and 20, the two secondary windings [.2
and L3 are both examples of such multi-functional
inductors; and

In FIGS. 23, 25, and 27, the buck inductor L is such a
multi-functional inductor.

In some embodiments, if, during main regulation, the
output demand is satisfied and there is excess inductor
energy in the multi-functional inductor, then the excess
energy may be transferred to an energy storage device as part
of main regulation.

In general and depending on the particular embodiment,
a power converter of the invention can be configured to
support some or all of the following operations:

Operation (1): Transfer of input energy from the input node
to a multi-functional inductor;

Operation (2): Transfer of output energy from the output
node to a multi-functional inductor;

Operation (3): Transfer of stored energy from an energy
storage element to a multi-functional inductor;

Operation (4): Transfer of inductor energy from a multi-
functional inductor to the output node; and

Operation (5): Transfer of inductor energy from a multi-
functional inductor to an energy storage element.

Depending on the particular embodiment, a power con-
verter of the invention can be configured to perform some or
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all of those five operations in different sequences of opera-
tions during the course of a control cycle to handle a variety
of different scenarios. For example, if, at the start of a
control cycle, (i) the polarity of the input signal matches the
polarity of the output demand and (ii) the output energy is
deficient, and if the output demand is not satisfied during the
main regulation, then the power converter of FIG. 1 can be
configured to perform the following sequence of four steps
during the control cycle:

Step 1: Operation (1): Transfer of input energy from the
input node AC IN to the secondary winding [.2 via
primary winding [1 of transformer T (switch S1
closed; switches S2, S3, S4 open)—energize phase of
first half of control cycle—part of main regulation;

Step 2: Operation (4): Transfer of inductor energy from
winding 1.2 to the output node OUT via switch S3 (S3
closed; S1, S2, S4 open)—transter phase of first half of
control cycle—part of main regulation;

Step 3: Operation (3): Depending on polarity of output
demand, transfer of stored energy to winding 1.2 either
(1) from storage capacitor CP via switch S4 (S4 closed;
S1, S2, S3 open) or (ii) from storage capacitor CN via
switch S2 (S2 closed; S1, S3, S4 open)—energize
phase of second half of control cycle—part of supple-
mental regulation; and

Step 4: Operation (4): Transfer of inductor energy from
winding [.2 to output node OUT via switch S3 (S3
closed; S1, S2, S4 open)—transfer phase of second half
of control cycle—part of supplemental regulation.

If instead, at the start of a control cycle, (i) the polarity of
the input signal matches the polarity of the output demand
and (ii) the output energy is deficient, but the output demand
is satisfied during main regulation, then the power converter
of FIG. 1 can be configured to perform the following
sequence of three steps during the control cycle:

Step 1: Operation (1): Transfer of input energy from the
input node AC IN to the secondary winding [.2 via
primary winding [.1 (S1 closed; S2, S3, S4 open)—
energize phase of first half of control cycle—part of
main regulation;

Step 2: Operation (4): Transfer of inductor energy from
winding 1.2 to the output node OUT via switch S3 (S3
closed; S1, S2, S4 open)—transter phase of first half of
control cycle—part of main regulation; and

Step 3: Operation (5): Depending on polarity of inductor
energy, transfer of excess inductor energy, if any, from
winding [.2 to either storage capacitor CP via switch S4
(S4 closed; S1, S2, S3 open) or storage capacitor CN
via switch S2 (S2 closed; S1, S3, S4 open)—storage
transfer phase of first half of control cycle—part of
main regulation.

If, at the start of a control cycle, the polarity of the input
signal does not match the polarity of the output demand,
then the power converter of FIG. 1 can be configured to
perform the following sequence of four steps during the
control cycle:

Step 1: Operation (1): Transfer of input energy from the
input node AC IN to the secondary winding [.2 via
primary winding [.1 (S1 closed; S2, S3, S4 open)—
energize phase of first half of control cycle—part of
main regulation;

Step 2: Operation (5): Depending on polarity of input
energy, transfer of inductor energy from winding 1.2 to
either storage capacitor CP via switch S4 (S4 closed;
S1, S2, S3 open) or storage capacitor CN via switch S2
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(S2 closed; S1, S3, S4 open)—transfer phase of first
half of control cycle—part of neither main nor supple-
mental regulation;

Step 3: Operation (3): Depending on polarity of output
demand, transfer of stored energy to winding 1.2 either
(1) from storage capacitor CP via switch S4 (S4 closed;
S1, S2, S3 open) or (ii) from storage capacitor CN via
switch S2 (S2 closed; S1, S3, S4 open)—energize
phase of second half of control cycle—part of supple-
mental regulation; and

Step 4: Operation (4): Transfer of inductor energy from
winding 1.2 to the output node OUT via switch S3 (S3
closed; S1, S2, S4 open)—transfer phase of second half
of control cycle—part of supplemental regulation.

If, at the start of a control cycle, there is excess energy at
the output node OUT, then the power converter of FIG. 1 can
be configured to perform the following sequence of four
steps during the control cycle:

Step 1: Operation (2): Transfer of excess output energy
from the output node OUT to the secondary winding [.2
via switch S3 (S3 closed; S1, S2, S4 open)—energize
phase of first half of control cycle—part of main
regulation;

Step 2: Operation (5): Depending on polarity of inductor
energy, transfer of inductor energy from winding 1.2 to
either storage capacitor CP via switch S4 (S4 closed;
S1, S2, S3 open) or storage capacitor CN via switch S2
(S2 closed; S1, S3, S4 open)—transfer phase of first
half of control cycle—part of main regulation;

Step 3: Operation (1): Transfer of input energy from the
input node AC IN to the secondary winding [.2 via
primary winding .1 (S1 closed; S2, S3, S4 open)—
energize phase of second half of control cycle—part of
PFC regulation; and

Step 4: Operation (5): Depending on polarity of inductor
energy, transfer of inductor energy from winding 1.2 to
either storage capacitor CP via switch S4 (S4 closed;
S1, S2, S3 open) or storage capacitor CN via switch S2
(S2 closed; S1, S3, S4 open)—transter phase of second
half of control cycle—part of PFC regulation.

Given the teachings of this specification, those skilled in
the art will understand how some or all of the five different
operations listed above can be sequenced to perform main
and/or supplemental regulation for each of the other power
converter embodiments of the invention. Because Operation
(1) can admit AC input current in proportion to AC input
voltage, power converter embodiments of the invention are
able to perform near-ideal PFC. Operation (5) will complete
through diode D4 or D2 without turning on S4 or S2, but at
slightly reduced efficiency.

All the examples shown employ a 200 kHz clock, and all
waveforms are shown while driving representative resistive
loads. All are capable of running at other clock frequencies
and with other input frequencies or voltages, and serving
various loads. Most can run from DC input voltages, where
constant (or limited rate of change) input current can be an
advantage. All unipolar examples, with minor modifications
evident to those skilled in the art, can operate in the opposite
polarity. With large storage reservoirs, these topologies can
serve as Uninterruptible Power Supplies (UPSs) with the
capacitors providing hold-over energy. Synchronous recti-
fication can be added to many of these topologies. All can
use a volt-time product for terminating energize periods
instead of current sensing. Given synchronous rectification
capabilities for terminating energy transfers, current sense
resistors can be eliminated. Many of these topologies can
make good use of bipolar blocking GaN switches.
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Although the invention has been described in the context
of embodiments in which capacitors are used as energy
storage elements, in other embodiments, other types of
energy storage elements may be used such as (without
limitation) batteries and super-capacitors.

Other variations of these examples will be evident to
those skilled in the art. Those variations include, but are not
limited to, regulating current instead of voltage at an output,
adding additional output ports, using series diodes to avoid
the need for bipolar blocking switches, and removing the
ISOLATION block for applications where isolation is not
required.

Different topologies show different optimization for flex-
ibility, simplicity, efficiency, size, and cost. Predictive
Energy Balancing can improve the regulation of many of
these topologies, but is not necessary.

What is claimed is:

1. A power converter for converting AC input power into
regulated output power, the power converter comprising:

an input side connected to receive the AC input power at

an input node of the power converter; and

an output side connected to produce the regulated output

power at an output node of the power converter,
wherein:
the power converter has a transformer comprising at
least one primary winding on the input side and at
least one secondary winding on the output side;
the output side further comprises at least one energy
storage element;
the power converter is configurable to perform main
regulation in which input energy is transferred from
the input node to the output node via the transformer;
the power converter is configurable to perform supple-
mental regulation in which stored energy is trans-
ferred from the at least one energy storage element to
the output node; and
the power converter comprises a multi-functional
inductor that supports both the main regulation and
the supplemental regulation in a time-multiplexed
manner such that:
during the main regulation, the input energy is trans-
ferred from the input node to the output node via
the multi-functional inductor;
during the main regulation, if excess energy exists in
the multi-functional inductor after an output
demand has been satisfied, then the excess energy
is transferred from the multi-functional inductor to
the at least one energy storage element; and
during the supplemental regulation, the stored
energy is transferred from the at least one energy
storage element to the output node via the multi-
functional inductor.

2. The power converter of claim 1, wherein:

during the main regulation, the power converter uses

forward power transfers; and

the power converter can transfer energy via either forward

or flyback transfers.

3. The power converter of claim 1, wherein the power
converter adjusts the total amount of energy admitted at the
input node to actively manage the stored energy in the at
least one energy storage element.

4. The power converter of claim 1, wherein the power
converter is a switched-mode power converter that performs
both the main regulation and the supplemental regulation
within a single control cycle of the power converter.

5. The power converter of claim 1, wherein the power
converter regulates both (i) input current and (ii) output
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voltage or current within a single control cycle of the power
converter by actively managing the at least one energy
storage element.

6. The power converter of claim 1, wherein the power
converter draws input current in proportion to and in phase
with input voltage to achieve Power Factor Correction
(PFC).

7. The power converter of claim 1, wherein:

the multi-functional inductor is a secondary winding of

the transformer;

during the main regulation, the input energy is transferred

from the input node to the secondary winding via the at
least one primary winding and then from the secondary
winding to the output node; and

during the supplemental regulation, the stored energy is

transferred from the at least one energy storage element
to the secondary winding and then from the secondary
winding to the output node.

8. The power converter of claim 7, wherein:

the power converter is a bidirectional power converter;

and

if excess energy exists at the output node, then the excess

energy is transferred from the output node into the
secondary winding and from the secondary winding to
the at least one energy storage element.

9. The power converter of claim 7, wherein:

the transformer comprises a single primary winding and a

single secondary winding; and

the output side comprises a positive energy storage ele-

ment configurable to store stored energy having a
positive polarity and a negative energy storage element
configurable to store stored energy having a negative
polarity.

10. The power converter of claim 7, wherein the trans-
former comprises a positive-polarity primary winding, a
negative-polarity primary winding, and a single secondary
winding.

11. The power converter of claim 7, wherein the trans-
former comprises a single primary winding, a positive-
polarity secondary winding, and a negative-polarity second-
ary winding.

12. The power converter of claim 1, wherein:

the multi-functional inductor is a buck inductor the output

side;

during the main regulation, the input energy is transferred

from the input node to the output node via the buck
inductor; and

during the supplemental regulation, the stored energy is

transferred from the at least one energy storage element
to the output node via the buck inductor.

13. The power converter of claim 12, wherein:

during the main regulation, the power converter uses

forward power transfers; and

the power converter can transfer energy to the at least one

energy storage element via either forward or flyback
transfers.

14. The power converter of claim 12, wherein:

the power converter is a bidirectional power converter;

and

if excess energy exists at the output node, then the excess

energy is transferred from the output node to the at least
one energy storage element via the buck inductor.

15. The power converter of claim 1, further comprising a
controller configured to control at least one switch on the
input side and at least one switch on the output side to
implement the main regulation and the supplemental regu-
lation in the time-multiplexed manner.
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16. The power converter of claim 1, wherein:

during the main regulation, the power converter uses
forward power transfers;

the power converter can transfer energy via either forward
or flyback transfers;

the power converter adjusts the total amount of energy
admitted at the input node to actively manage the stored
energy in the at least one energy storage element;

the power converter is a switched-mode power converter
that performs both the main regulation and the supple-
mental regulation within a single control cycle of the
power converter;

the power converter regulates both (i) input current and
(i1) output voltage or current within a single control
cycle of the power converter by actively managing the
at least one energy storage element; and

the power converter draws input current in proportion to
and in phase with input voltage to achieve Power
Factor Correction (PFC).

17. A method for converting AC input power into regu-

lated output power, the method comprising:

(a) performing main regulation in which input energy is
transferred from an input node a power converter to an
output node of the power converter via a transformer of
the power converter, wherein the transformer com-
prises at least one primary winding on an input side of
the power converter and at least one secondary winding
on an output side of the power converter; and

(b) performing supplemental regulation in which stored
energy is transferred from at least one energy storage
element on the output side of the power converter to the
output node, wherein:
the power converter comprises a multi-functional

inductor that supports of the main regulation and the

supplemental regulation in a time-multiplexed man-

ner such that:

during the main regulation, the input energy is trans-
ferred from the input node to the output node via
the multi-functional inductor;

during the main regulation, if excess energy exists in
the multi-functional inductor after an output
demand has been satisfied, then the excess energy
is transferred from the multi-functional inductor to
the at least one energy storage element; and

during the supplemental regulation, the stored
energy is transferred from the at least one energy
storage element to the output node via the multi-
functional inductor.

18. The method of claim 17, wherein:

during the main regulation, the power converter uses
forward power transfers; and

the power converter transfers energy via either forward or
flyback transfers.

19. The method of claim 17, wherein the power converter
adjusts the total amount of energy admitted at the input node
to actively manage the stored energy in the at least one
energy storage element.

20. The method of claim 17, wherein the power converter
is a switched-mode power converter that performs both the
main regulation and the supplemental regulation within a
single control cycle of the power converter.

21. The method of claim 17, wherein the power converter
regulates both (i) input current and (ii) output voltage or
current within a single control cycle of the power converter
by actively managing the at least one energy storage ele-
ment.
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22. The method of claim 17, wherein the power converter
draws input current in proportion to and in phase with input
voltage to achieve Power Factor Correction (PFC).

23. The method of claim 17, wherein:

during the main regulation, the power converter uses

forward power transfers;

the power converter transfers energy via either forward or

flyback transfers;

the power converter adjusts the total amount of energy

admitted at the input node to actively manage the stored
energy in the at least one energy storage element;

the power converter is a switched-mode power converter

that performs both the main regulation and the supple-
mental regulation within a single control cycle of the
power converter;

the power converter regulates both (i) input current and

(ii) output voltage or current within a single control
cycle of the power converter by actively managing the
at least one energy storage element; and

the power converter draws input current in proportion to

and in phase with input voltage to achieve Power
Factor Correction (PFC).

24. A power converter for converting AC input power into
regulated output power, the power converter comprising:

an input side connected to receive the AC input power at

an input node of the power converter; and

an output side connected to produce the regulated output

power at an output node of the power converter,
wherein:
the power converter has a transformer comprising at
least one primary winding on the input side and at
least one secondary winding on the output side;
the output side further comprises at least one energy
storage element;
the power converter is configurable to perform main
regulation in which input energy is transferred from
the input node to the output node via the transformer;
the power converter is configurable to perform supple-
mental regulation in which stored energy is trans-
ferred from the at least one energy storage element to
the output node; and
a secondary winding of the transformer is a multi-
functional inductor that supports both the main regu-
lation and the supplemental regulation in a time-
multiplexed manner such that:
during the main regulation, the input energy is trans-
ferred from the input node to the secondary wind-
ing via the at least one primary winding and then
from the secondary winding to the output node;
and
during the supplemental regulation, the stored
energy is transferred from the at least one energy
storage element to the secondary winding and then
from the secondary winding to the output node.

25. The power converter of claim 24, wherein, during the
main regulation, if excess energy exists in the secondary
winding after an output demand has been satisfied, then the
excess energy is transferred from the secondary winding to
the at least one energy storage element.

26. The power converter of claim 24, wherein:

the power converter is a bidirectional power converter;

and

if excess energy exists at the output node, then the excess

energy is transferred from the output node into the
secondary winding and from the secondary winding to
the at least one energy storage element.

15

20

25

30

35

40

45

50

55

60

65

24

27. The power converter of claim 24, wherein:
the transformer comprises a single primary winding and a
single secondary winding; and
the output side comprises a positive energy storage ele-
ment configurable to store stored energy having a
positive polarity and a negative energy storage element
configurable to store stored energy having a negative
polarity.
28. The power converter of claim 24, wherein the trans-
former comprises a positive-polarity primary winding, a
negative-polarity primary winding, and a single secondary
winding.
29. The power converter of claim 24, wherein the trans-
former comprises a single primary winding, a positive-
polarity secondary winding, and a negative-polarity second-
ary winding.
30. A method for converting AC input power into regu-
lated output power, the method comprising:
(a) performing main regulation in which input energy is
transferred from an input node of a power converter to
an output node of the power converter via a transformer
of the power converter, wherein the transformer com-
prises at least one primary winding on an input side of
the power converter and at least one secondary winding
on an output side of the power converter; and
(b) performing supplemental regulation in which stored
energy is transferred from at least one energy storage
element on the output side of the power converter to the
output node, wherein:
a secondary winding of the transformer is a multi-
functional inductor that supports both the main regu-
lation and the supplemental regulation in a time-
multiplexed manner such that:
during the main regulation, the input energy is trans-
ferred from the input node to the secondary wind-
ing via the at least one primary winding and then
from the secondary winding to the output node;
and

during the supplemental regulation, the stored
energy is transferred from the at least one energy
storage element to the secondary winding and then
from the secondary winding to the output node.

31. The method of claim 30, wherein, during the main
regulation, if excess energy exists in the secondary winding
after an output demand has been satisfied, then the excess
energy is transferred from the secondary winding to the at
least one energy storage element.

32. The method of claim 30, wherein:

the power converter is a bidirectional power converter;
and

if excess energy exists at the output node, then the excess
energy is transferred from the output node into the
secondary winding and from the secondary winding to
the at least one energy storage element.

33. The method of claim 30, wherein:

the transformer comprises a single primary winding and a
single secondary winding; and

the output side comprises a positive energy storage ele-
ment configurable to store stored energy having a
positive polarity and a negative energy storage element
configurable to store stored energy having a negative
polarity.

34. The method of claim 30, wherein the transformer

comprises a positive-polarity primary winding, a negative-
polarity primary winding, and a single secondary winding.



US 9,455,643 B2
25

35. The method of claim 30, wherein the transformer
comprises a single primary winding, a positive-polarity
secondary winding, and a negative-polarity secondary wind-
ing.
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